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Abstract Submarine landslides shape continental margins, transfer massive amounts of sediment
downslope, and can generate deadly and destructive tsunamis. Submarine landslides are common globally, yet
constraining hazard potential of future events is limited by a short historical record and a wide range of possible
slide dynamics. We test a novel approach to investigate slide dynamics using properties of the deformation
zone induced by a large submarine landslide along the Cascadia margin, offshore Oregon. We use a simple
model of a line load on a poroelastic half space to show the deformation zone size required rapid transport

and deceleration. We argue that the slide moved at high speeds, aided by low dynamic frictional resistance,
suggesting this event could have generated a tsunami. This method is applicable where slide-induced impact
zones are observed.

Plain Language Summary The Cascadia margin is susceptible to underwater landslides and
tsunami hazards due to the active subduction zone that can produce large magnitude earthquakes. However,
determining whether future submarine landslides will be tsunamigenic is challenging. While past landslide
deposits can easily be identified and in many cases age-dated, the dynamic process including the initial
acceleration and velocity that created the deposit is almost never known. We present a novel approach to
back-analyze slide velocity of past landslides by using the characteristics of the deformation zone that occurred
when the landslide deposit came to rest on the seafloor. Our models suggest that the slide hydroplaned while
moving at high-speeds (up to 60 m/s) with a run-out distance of 10-km from the source, which match the
observations. While our method does not model tsunamis explicitly, the high speeds are consistent with known
tsunamigenic slides. This approach provides critically important constraints on the slide velocity and therefore
the hazards of submarine landslides that can occur at Cascadia.

1. Introduction

Submarine landslides have the potential to create and/or amplify earthquake-induced tsunamis (Hampton
et al., 1996; Harbitz, 1992; Harbitz et al., 2014; Jiang & LeBlond, 1992; Kawata et al., 1999; Locat & Lee, 2002;
Masson et al., 2006; ten Brink, 2009; Vanneste et al., 2013; von Huene et al., 1989). Examples of submarine
landslide-induced tsunamis that resulted in large wave run-up heights and numerous fatalities include the 1929
Grand Banks event (13-m run-up, 28 deaths) (Fine et al., 2005; Lgvholt et al., 2019), 1992 Flores event (up
to 26-m run-up, 2,080 deaths) (Yeh et al., 1993), 1998 Papa New Guinea event (>15-m run-up, 2,200 deaths)
(Tappin et al., 2002), and the more recent 2018 Palu Bay event (6-m run-up, >2,000 deaths) (Muhari et al., 2018;
Pakoksung et al., 2019).

Not all submarine landslides generate tsunami (Lgvholt et al., 2017). A major challenge in evaluating potential
hazard of submarine landslides is the relative infrequency of tsunamigenic landslides in any region compared to
the duration of recorded history. Similar to earthquake hazards assessment, the historical record can be extended
by interrogating the geologic record of ancient landslides (e.g., Goldfinger et al., 2012; Howarth et al., 2021;
Kioka et al., 2019; McHugh et al., 2016; Mountjoy et al., 2018; Rowe & Griffith, 2015; Wallace, 1981). However,
a critical challenge is that interpreting the rate of landslide motion based on the structure of landslide deposits is
difficult. Initial acceleration (Grilli & Watts, 2005; Haugen et al., 2005; Lgvholt et al., 2005) and the maximum
velocity (Tinti et al., 2001; Ward, 2001) are the biggest influences on tsunami generation from submarine land-
slides; therefore, the ability to identify diagnostic features of rapid submarine landslide motion in the structure
of landslide deposits and related deformation would represent a major advance in the evaluation of tsunamigenic
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hazard assessment. Here, we evaluate the slide velocity potential of the 44-N slide offshore Oregon based on
deformation structures in sediments near the terminus of the slide blocks.

The Cascadia subduction zone occurs along the Pacific margin of North America. The Juan de Fuca, Gorda, and
Explorer plates are actively subducting beneath the North American plate at rates of ~30-45 mm/yr (McCaffrey
et al., 2013). Cascadia is seismically active and estimated to produce megathrust earthquakes about once every
500 years (Goldfinger et al., 2017; Walton et al., 2021). The Oregon margin has a long history of slope failures
ranging from small non-cohesive slides to massive blocky slides (Goldfinger et al., 2000; Hill et al., 2022; Lenz
& Sawyer, 2021; Lenz et al., 2019; McAdoo & Watts, 2004; McAdoo et al., 2000; Tréhu et al., 2022). Cascadia
is therefore susceptible to many geohazards, including submarine landslides (Hill et al., 2022).

The 44-N slide is a large and blocky style submarine landslide, that is readily observable on the modern-day
seafloor (Lenz et al., 2019) (Figure 1). Blocks of the 44-N landslide descended a 1,200 m drop along an approxi-
mately 13° slope, and 10 km horizontally to where they were deposited across a 100 km? area of the abyssal plain
adjacent to the slope (Figure 1). The blocks are angular and rise up to 400-m above the surrounding seafloor, and
their cohesion distinguishes them from debris flows (Figure 1). A distinguishing characteristic of this event is a
conspicuous deformation zone immediately seaward of the landslide blocks (Figures 1 and 2) (Lenz et al., 2019).
The deformation zone consists of a series of imbricate thrust sheets that accommodated horizontal shortening
and vertical thickening of the sediments at the terminus of the slide blocks. The deformation zone is 275 m thick,
10 km long, and represents approximately 8% horizontal shortening (Lenz et al., 2019).

In this study we test the hypothesis that the 44-N Slide impacted the seafloor with sufficient forces to have created
the deformation zone. To that end, we ask the question of whether the deformed sediments at the slide terminus
could result from slow creep caused by the weight of the slide blocks, or if lateral momentum from decelerating
slide blocks is required. We do this by examining the subsurface stress fields induced in a saturated, undrained
poroelastic half space below the ocean bottom subjected to a line load along the half space surface. We examine
the contributions of the weight of the slide blocks as well as shear tractions that would have resulted from fric-
tional resistance during deceleration of the blocks. We then model slide transport with a ramp-flat slide geometry
following the approach of Hiirlimann et al. (2000) as an independent check on whether rapid transport is consist-
ent with the observed final position of the slide blocks. Finally, we examine the validity and limitations of our
approach and discuss implications for the 44-N slide as well as the broader applicability.

2. Methods
2.1. Line Loading of a Saturated, Undrained Poroelastic Half Space

We study deformation induced in the subsurface by a line load on a poroelastic half space (e.g., Johnson, 1985)
situated at the ocean bottom. The full solution for the total stress state 05 results from the superposition of (A)
the background stress state o7, arising from body forces induced by the overlying oceanic water column, the
rock/sediment column beneath the ocean floor, hydrostatic pore fluid pressure, and Biot coupling between the
poroelastic medium and pore fluids in the subsurface as described further below, and (B) the stress perturbation
Aol.j introduced by the landslide blocks at the surface (Figure 2a). Stresses are calculated in a cartesian coordinate
system in which the half-space is located at depths z > 0, and the origin is located on the ocean bottom, 3,000 m
below local sea level. All stresses are calculated in a tensor sign convention, with tension positive.

The background stress state accounts for the pore fluid pressure P, overburden stress (¢2,), and the horizontal
stress (¢?,) assuming a saturated and undrained isotropic, linear poro-elastic material (Figure 3). The pore fluid
pressure is the sum of the pressure from the overlying oceanic water column above the seafloor and the pressure
from the fluid within the pore space of the sediments (Equation 1) where seawater density (p,) is 1,024 kg/m?
and water depth D, = 3,000 m. The overburden effective stress 62, is the sum of the pressure from the overlying
sediment, the overlying water column, and the pore fluid pressure (Equation 2) where the bulk sediment density
p,= 1,800 kg/m? based on physical properties measured from nearby cores (Lenz et al., 2019; Shipboard Scientific
Party, 1973). The horizontal effective stress o2, (Equation 3) is calculated assuming a state of perfect confinement
(i.e., zero horizontal volumetric strain) and includes the effect of the Biot coefficient, which describes the change
in volume in the poroelastic medium due to a change in pore pressure. We assume a Poisson's ratio v = (.25,
resulting in the ratio ~ 0.33, consistent with the expectation that in normally consolidated marine sediments
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Figure 1. (a) Map of the Cascadia subduction zone offshore Oregon with seismic line 15 from cruise RR1718 that was used in this study. Red stars represent locations
of Site 174 from DSDP Leg 18 (Shipboard Scientific Party, 1973) and Site 892 from ODP Leg 146 (Shipboard Scientific Party, 1994). Water depths here range from
approximately 3,000 (cool colors) to O-m at the coastline. Bathymetry created using the Global Multi-Resolution Topography (GMRT) database from http://www.
geomapapp.org (Ryan et al., 2009). (b) Map view of area containing eastern half of seismic line 15 from cruise RR1718, showing prominent head scarp from 44-N
slide, associated debris field containing many large blocks, and interpreted in situ deformation zone interpreted to be formed by the blocks. Water depths here range
from approximately 3,000 (cool colors) to 1,300-m (warm colors). Bathymetry created using GMRT database from http://www.geomapapp.org (Ryan et al., 2009). (c)

Eastern half of seismic line 15 from cruise RR1718 in panel (b)showing the main head scarp within a broader evacuation zone, blocks within 44-N Slide debris field,

and associated frontal deformation zone modified from Lenz et al. (2019). (d) Close-up image of deformation zone (adapted from Lenz et al. (2019)). Deformation zone
is characterized by horizontal shortening accommodated by thrust faults and folding. Thin layers of drape above the zone indicates the deformation is not part of the
landslide deposit (i.e., run-out blocks and debris) but rather in situ deformation induced by impact of the landslide.

the ratio of horizontal to vertical stress should be in the range of 0.2-0.4 (Lambe & Whitman, 1969). The Biot
coefficient o is assumed to be 1 (Engelder & Fischer, 1994; Nur & Byerlee, 1971).
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Normal 7,(x) and shear 7 (x) tractions exerted on the ocean bottom by the landslide blocks are applied along the

line z =0, —a < x < a (Figure 2a). All calculations assume plane strain (e,= 0). The overburden stress due to the

overlying landslide blocks (z, = p,hg) is approximated as 1.9 MPa, calculated by multiplying the drained bulk

density of the landslide blocks (p,;), approximate height of the landslide blocks (%) of 235-m, and gravitational

acceleration (g) (Lenz et al., 2019). The shear traction due to the decelerating landslide blocks (z, = —u ) is

calculated by multiplying the static basal friction coefficient y_ by the pressure of the overlying landslide blocks.
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Figure 2. Idealized models used in this study. (a) Finite length line load on
an undrained, poroelastic half space. Boundary value problem is solved in

a bi-polar coordinate system with coordinates r,, r,, #,, and 0,, as defined

in Equations 4-6, following Johnson (1985). Half space surface is located
3,000 m beneath local sea level. (b) Frictional block model of slide transport
using a modified approach from Hiirlimann et al. (2000) with a ramp-flat
geometry consistent with the 44-N slide path.

Note that the basal friction coefficient is static, used to approximate the fric-
tional tractions associated with landslide block cessation.

The perturbed stresses due to tractions 7, and 7, are calculated throughout the
model domain according to Johnson (1985):

Ao = —ZT—" {2(81 — 02) + (sin 26, — sin26,)}
/4

p )
+—-{co0s 260, — cos 26, }
2

Ay = —27—" {2(6) — 62) + (sin 20, — sin 26,)}
T

7 (%)
+to. {41n(r1 /r2) — (cos 20, — cos 20,)}

Acy: = ~ {0820, — c0s 20} — —={2(8; — 6>) + (sin 26, — sin265)} (6)
2z 2r

where 0,, 6, = tan"'(z/(x F @)) and r, r, = {(x Fa)l+ 22}1/2.

We calculate the total stress state 0'5 throughout the model domain by
taking the sum of the background stresses and the stress perturbation
(6,.7; = 69, + Ac;;). We use two criteria to evaluate the relationship between
prescribed surface tractions in the model and observed deformation in the
deformed sediments. First, we determine the size of the zone in which
the maximum shear stress o;"** exceeds the undrained shear strength S, of
the sediments (assumed to be S, = 0.567,, Sawyer & DeVore, 2015). We
furthermore determine the orientation of the principal stresses, ensuring the
direction of the greatest compressive stress is consistent with principal short-
ening direction (i.e., sub-horizontal) observed in the deformed sediments.
Because the frictional resistance between the block and ocean bottom sedi-
ments is a source of substantial uncertainty, we choose values that encompass
the full spectrum of possible static values (e.g., Byerlee, 1978; Hornbach
et al., 2015; Ikari & Kopf, 2011), including p, = 0.0, 0.2, 0.4, and 0.6. While
non-physical, the choice of = 0.0 is a “weak fault” endmember that results
in zero shear tractions.

2.2. Mechanical Slide Model to Estimate the Dynamic Behavior of the 44-N Slide

We also take a complementary approach to independently confirm the physical feasibility of rapid transport of the
slide blocks. We adapted the model of Hiirlimann et al. (2000) that idealizes landslide blocks as a single rigid block
with constant density and dimensions (see Text S1 in Supporting Information S1). Instead, we employ ramp-flat
geometry matching the drop height and average slope of the N-44 slide (Lenz et al., 2019). We use dimensions of the
largest block observed in the two-dimensional seismic profile measured to be approximately 2,300 long, 3,200 wide,
and 410-m high (Figure 1). We also account for forces experienced as the block moves downslope and transitions
out into the abyssal plane (Figure 2b). L and H are the length and the height of the sliding block respectively, B is the

buoyant force, W is the force from the mass of the blocks, F is the frictional force, F, is the drag force, and @ is the
slope angle, taken here to be 12.8°. Dynamic coefficients of friction (u,) relevant to F. are expected to be less than
0.1 (Garcia et al., 1994; Ui, 1983). In the model, F, drops to zero when the Froude number, Fr, exceeds 0.4, which
was shown in laboratory experiments as the minimum Froude number required to produce hydroplaning (Mohrig
et al., 1999). Details of the model can be found in Hiirlimann et al. (2000) and in Supporting Information S1.

3. Results

3.1. Subsurface Stresses Resulting From Line Load

Calculations using Equations 4—6 demonstrate a systematic relationship between basal friction and the expected
subsurface instability zone (Figure 3). For . = 0, a small region less than 100 deep and 100 m wide is destabilized
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X (km)

Figure 3. Max shear stress (¢?"**) divided by the in situ strength (S,) for 7, = 1.9 MPa and (a) 7, = 0.0 7,,, (b) 7, = 0.2 7,, (¢)
7,= 0.4 7,, and (d) 7, = 0.6 7, over the domain —2a < x < 0, where the center of the N-44 slide is located at x = 0. Normal
7,(x) and shear 7 (x) traction distributions and are shown schematically on the upper right-hand corner of each plot. Filled
contours are shown only for ¢™* /S, > 1(i.e., for regions of the domain that are critically stressed for failure). Overlain

on each plot are directions of max compressive stress (¢,) shown by black dashed lines, which should be approximately
coincident with the shortening direction as inferred from the fold and thrust kinematics. Red dashed box is 11 km long and
250 m high, coincident with the inferred original size of deformed sediment package. All figures have approximately 5x
vertical exaggeration.

(Figure 3a). In contrast, for all nonzero static friction cases (Figures 3b and 3c), sediments within a few tens of
meters of the ocean bottom become critically stressed across the entire domain, from the western terminus of the
N-44 slide blocks at x = —5 km to a distance 15 km to the west (Figure 3b). The maximum depth of the activated
domain, proximal to the slide terminus, increases with increasing p, exceeding 400 m depth for the case of
u, = 0.6 (Figures 3b-3d). For each case, stress trajectories are consistent with horizontal shortening throughout
the sediments.

Because these calculations assume infinitesimal strain, the stress fields can only reasonably be compared to the
expected conditions at the initiation of deformation within the ocean bottom sediments. In Figures 3b and 3c,
the red dashed box indicates the approximate cross-sectional area (11 km X 250 m) of sediments before short-
ening. For all cases of non-negligible friction, sediments are destabilized across the entire horizontal domain.
It is difficult to discriminate between p_ of 0.2, 0.4, and 0.6, but, importantly, these results demonstrate that a
non-negligible shear traction between the blocks and sediments is required, which would not be expected if the
slide is simply creeping along a sub-horizontal ocean bottom due to high fluid pressures.

3.2. Slide Transport Model

Slide transport calculations are shown in Figure 4 for dynamic friction coefficients u, = 0.05, 0.1, 0.2. For each
simulation, slide velocity accelerates rapidly at the onset of slip (Figure 4a). For the case of u, = 0.2, accelera-
tion slows progressively until the block reaches the bottom of the slope, after which the slide rapidly decelerates
and stops only a short distance from the base of the slope at ~5,500 m. This slide never experiences hydroplaning,
and the dynamic friction coefficient remains at 0.2 for the entire slide period. Peak slide velocity for u, = 0.2
is approximately 20 m/s (Figure 4a), and slide duration is approximately 400 s (Figure 4b). For the cases of
u, = 0.05 and 0.1, the slide accelerates a short distance, and slightly above speed of 20 m/s, the Froude number
reaches 0.4 (Figure 4c), causing hydroplaning (Figure 4d), and sudden acceleration (Figure 4a). Slide acceleration
continues, but slows, until the base of the slope. After reaching a peak speed of approximately 60 m/s in both
cases, the slide block begins to decelerate upon reaching the abyssal plain. The slides continue to decelerate until
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Figure 4. (a) Landslide speed versus distance for three choices of dynamic friction coefficient, u, = 0.05, 0.1, 0.2. Arrows
along top of plot indicate break in slope that occurs at approximately 5,300 m, after the initial drop along a slope of 13° to
abyssal plain, with 0° slope. (b) Time versus distance for each case. (c) Froude number versus distance. Hydroplaning occurs
when the velocity is high enough to allow buoyancy forces to uplift landslide block causing it to lose contact with the surface.
Slide as frictionless when the Froude number exceeds this threshold. (d) Evolution of friction coefficient with distance.
Friction drops to zero when hydroplaning initiates, and strength recovers when Froude number falls below 0.4. For u, = 0.2,
frictional resistance remains constant for entire simulation, because Froude number never exceeds 0.4.

the Froude number falls below 0.4, after which the slide rapidly decelerates due to frictional drag. The final slide
distance is 9,900 and 10,200 m (Figure 4a) for 4, = 0.05 and 0.1, respectively. These distances are both within the
observed range of horizontal transport distances (Figure 1).

4. Discussion and Implications

A key result of this analysis is that to explain where the slide mass came to rest, the 44-N slide must have had
significant momentum (peak speeds up to 60 m/s), which is consistent with a fast-moving slide; not a creep-
ing slide. By comparison, one of the most well-studied submarine landslides, the Storegga Slide, produced a
very large tsunami (Bondevik, 2003; Bondevik et al., 2005; Harbitz, 1992). Modeled maximum velocity for the
Storegga Slide are 35-60 m/s (De Blasio et al., 2003; Lgvholt et al., 2017). The Storegga Slide geomorphology
was very different from the 44-N Slide because the Storegga Slide disintegrated upon failure (Berg et al., 2005;
Bryn et al., 2005; Kvalstad et al., 2005; Lgvholt et al., 2005). The 44-N slide may be more similar to the blockier
Trenadjupet Slide also offshore Norway (Laberg & Vorren, 2000). The Treenadjupet Slide may have also gener-
ated a tsunami, although recent modeling suggests it was smaller than the Storegga tsunami (Lgvholt et al., 2017).
While the exact physics of simulating a potential tsunami are beyond the scope of this paper, it is possible that
the 44-N Slide could produce a tsunami.

The fact that the 44-N slide blocks retained their shape after traveling 1,200-m vertically down a steep 13°
slope and up to 10-km horizontally out into the abyssal plain with enough force to induce a large deformation
zone has previously been difficult to explain. Undrained shear strength collected on Ocean Drilling Program
Leg 146 at Site 892 (Westbrook et al., 1994), approximately 80 km north along strike from the 44-N slide
head scarp, shows the sediments that make up the slopes in this part of the margin are relatively strong (Lenz
et al., 2019) compared to normally consolidated sediments (Lambe & Whitman, 1969). The enhanced strength
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is similar to other strength profiles observed in seismically active areas (Sawyer & DeVore, 2015). Stronger
sediments are more likely to remain intact during slope failure, such as those observed in natural (McAdoo
& Watts, 2004; Tappin et al., 2002; Watts, 2004) and experimental settings (Sawyer et al., 2012; Silver &
Dugan, 2020). Evidence of the existence of gas hydrates was also observed via bottom simulating reflec-
tors in reflection seismic data along this entire margin (Phrampus et al., 2018; Tréhu & Phrampus, 2022).
Given that gas hydrates have been known to enhance sediment cohesion (Waite et al., 2009) it may be possible
that gas hydrates could aid in keeping this deposit intact. Finally, hydroplaning has also been used to explain
how submarine landslides have such long runouts and, in some cases, remain intact throughout the process
(De Blasio et al., 2004; Elverhoi et al., 2010; Mohrig et al., 1999). A combination of the landslide occurring
along a steep slope with relatively strong sediments with hydroplaning during transport could explain how the
blocks retained the large dimensions and sharp angles, as well as supports our conclusion of high speeds and
tsunamigenic potential of the blocks.

The models herein are highly idealized and are thus not expected to be exact reproductions of the complex
processes involved in the initiation and transport of the 44-N slide, nor the fold and thrust style deformation of
sediments at the slide terminus. Ocean sediments are neither perfectly elastic, isotropic, or homogeneous, the
process of fold-and-thrust style deformation can be achieved by non-unique kinematic pathways and is not likely
volume conserving, and the coefficient of friction throughout the processes of slip initiation, acceleration, and
cessation is not constant. Furthermore, we ignore in our idealized transport models the effect of complex initia-
tion mechanisms such as retrogressive sliding (Kvalstad et al., 2005; Lgvholt et al., 2017). Despite these ideali-
zations, both modeling approaches independently confirm two key observations of the deformation that occurred
during the 44-N slide. First, calculations idealizing the load imparted by the slide blocks on the ocean bottom
reproduce both the general dimensions of the initial deformation zone for coefficients of static friction across the
range u, = 0.2-0.6, although the thickness of the deformed package is likely most consistent with static friction at
or above the higher end. Furthermore, the stress trajectories in the activated zone within the ocean sediments are
consistent with the inferred overall kinematics of the deformed sediments. Second, for coefficients of dynamic
friction between p, = 0.05 and 0.1, the total slide distance of approximately 10 km is within the observed range
of horizontal transport for the N-44 slide.

5. Conclusion

Impact-induced deformation from submarine landslides can be related quantitatively to the dynamics of the
landslide. The 44-N slide along the Cascadia Subduction Zone, recently imaged with multi-channel seismic data,
created a large impact zone in the seafloor sediments as a result of impact forces. The deformation zone scale
is consistent with impact forces induced by the landslide as it came to rest on the nearly flat seafloor and is not
the result of slow, creep-like deformation. Maximum speeds of 60 m/s and hydroplaning may have facilitated
the long run-out distance and aid in keeping the blocks largely intact throughout the process. It is not clear if the
44-N slide generated a tsunami, but the dynamics suggested by this analysis are within the range of past known
tsunamigenic slide events. The Cascadia margin is capable of producing large-magnitude earthquakes which
could facilitate future fast-moving blocky slides; therefore, this result informs hazards analyses of the potential
slide dynamics that are capable along this margin. Globally, this method can be applied to other analyses of slides
where deformation zones can be sufficiently imaged in modern settings or outcrops. In fact, the 44-N Slide is
not unique to this margin. There have been at least five other similar events indicated along the south-central
Cascadia Subduction Zone (Tréhu et al., 2022). Additionally, we would expect to find similar in situ deformation
where large blocky slides are common such as other subduction zones, volcanic islands, and margins affected by
salt diapirism (Alves, 2015).

Data Availability Statement

The reflection seismic data analyzed during the current study can be accessed publicly from the Marine Geosci-
ence Data System (MGDS) website, https://www.marine-geo.org/tools/entry/RR1718. The MATLAB scripts
used to perform the data analysis are archived with Zenodo here: https://doi.org/10.5281/zenodo.8212224.
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